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observed to possess the unique advantages for giantly 
enhancing surface plasmon resonances for the potential 
applications.

Most of the previous investigations on bowtie antenna 
focus on the near-field effects of homodimers with respect 
to the localized surface plasmon resonances [6–9]. The 
localized surface plasmon interaction on such structures 
can be described as a hybridization of individual nanostruc-
ture plasmon, which can be used to explain the redshift 
in the bonding modes or the blueshift in the antibonding 
modes [10, 11]. Recently, it is observed that the strongly 
interacting plasmon resonance can exist in heterodimers 
[12–15], which have shown potential advantages over the 
homodimers in many aspects such as broadening the res-
onance spectrum or leading to a stronger enhancement in 
the gap of bowtie antenna [16]. In heterogeneous nano-
bowtie antenna, however, the coupling between two differ-
ent resonance modes could be even complex than that in 
homodimers. Especially, the abundant resonance modes 
which are supported by these asymmetry plasmons tend 
to be observed on heterodimers embedded with metallic 
cores. However, the potential interests of near-field applica-
tions for metallic core-embedded nano-bowtie, the addition 
of a metallic core for influencing the optical properties of 
heterobowtie antenna, are not completely understood and 
deserve to be studied more deeply as it may give rise to 
interactions of different nature with the possible observa-
tion of new optical phenomena, which could be important 
from both scientific and technological standpoints.

In this paper, this works aim at studying, by means of 
finite element method (FEM), the near-field optical prop-
erties of metallic core-embedded heterodimers composed 
of Au and Ag nano-bowtie of the same size. The effects of 
core ingredient, nano-bowtie perimeter L and tip-to-tip sep-
aration d on the resonance wavelength are analyzed. Also, 

Abstract We theoretically investigated the localized sur-
face plasmon resonances in core-embedded heterogeneous 
nano-bowtie antenna. It is proposed that spatial distribution 
and spectral position for Au–Ag nano-bowtie antenna can 
be unprecedentedly tuned with respect to core ingredient, 
bowtie size and filling refractive index of environment. 
The tunable spectral and spacial properties are attributed 
to the modified plasmon dipole interaction within the core-
embedded nano-bowtie, which can be well manipulated by 
the size of nano-bowtie antenna as well as the core ingre-
dient. The study provides basic understanding for tuning 
near-field properties in core-embedded heterobowties for a 
wide range of applications such as single-molecule fluores-
cence, SERS and photo-thermal therapy.

1 Introduction

Metal nanostructures consisting of multiple nanometer-
scale metallic particles exhibit great promise for a wide 
range of applications such as near-field optical imag-
ing, single-molecule fluorescence, SERS, nanolithog-
raphy and photo-thermal therapy [1–5]. The localized 
surface plasmon localized within nanostructures can 
produce hugely concentrated and highly localized field 
and thus greatly improve the spatial resolution of near-
field distributions. Among of them, the optical bowtie 
antenna with sharp edge angle and tiny gap has been 
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the e-field spatial distribution localized within a sphere 
core-embedded Au–Ag nano-bowtie at some representative 
resonance wavelengths is examined. This study provides 
large possibility for controlling light spatial and spectral 
distributions at the nanoscale and thus significantly impact 
applications ranging from single-molecule fluorescence, 
SERS to photo-thermal therapy. The simulations are based 
on finite element method (FEM). Firstly, we build a geom-
etry of core-embedded bowtie dimer surrounded by ambi-
ent medium. A perfect matching layer (PML) is set outside 
of geometrical bowtie dimer. The scattered light from the 
bowtie is totally absorbed through the PML in the far field. 
The boundary condition at the interface between the metal-
lic bowtie dimer and ambient medium is treated as con-
tinuous one. Then the bowtie geometry, ambient medium 
and the PML zone are divided into many small meshes. A 
Helmholtz equation is built on the meshed geometry for 
describing the near-field scattering process. The Helmholtz 
equation is then discretized at every mesh points to form 
a large sparse matrix. Finally, we obtained the numerical 
solutions of the Helmholtz equation via solving the built 
matrix using FEM. In addition, the tip radius of curvature 
for the regular triangle bowtie is set as 4.42 nm in the cur-
rent model. Also, we treated the radius of curvature for the 
bowtie tips as a fixed value regardless of the change of the 
length of bowtie side L in order to get a direct insight into 
the effects of bowtie side L on the near-field enhancement 
and spectrum properties.

Figure 1 shows the calculated images of the e-field 
distributions surrounding Au–Ag nano-bowties embed-
ded with different sphere cores. The material parameters 
including the permittivities of Au and Ag are cited from 

Ref. [17]. The strong resonance for different core ingre-
dient occurs at wavelength of 400 nm as indicated in 
Fig. 1a–c. More interestingly, the asymmetric e-field dis-
tribution shifts to the right side tip of bowtie, which exhib-
its maximal enhancement in the strong resonance regime 
at wavelength of 400 nm. The largest e-field enhancement 
factor of 158 can be acquired when the embedded core is 
made of Ag sphere. The near-field coupling in the dimer 
plasmon is strongly dominated by asymmetry dipole inter-
action between the embedded core and the Ag branch of 
bowtie. Especially, the strong coupling can be observed in 
the bowtie embedded with Ag core. It can be attributed to 
the strong resonance property of Ag materials compared 
with that of Au materials at 400 nm [18, 19]. Because the 
wavelength of 400 nm approaches the intrinsic resonance 
wavelength of Ag, the strong dipole interaction between 
the Ag tip plasmons becomes dominant, leading to signifi-
cant promotion of the strong near field localized between 
the Ag core and the Ag bowtie. However, the e-field hot 
spots for different core-embedded nano-bowties are nearly 
symmetrically distributed in the resonance wavelength at 
530 nm (Fig. 1d–f), which is near the intrinsic resonance 
of a single Au bowtie. It indicates that the weak resonance 
is originated from the dominant dipole coupling of the 
Au bowtie branch. In addition, the symmetric distribution 
characteristics of the localized e-field are independent of 
the core ingredient at the resonance wavelength of 530 nm, 
indicating that the embedded core has little effect on the 
relative e-field distribution in the weak resonance regime. 
The results will be instructional for adjusting the spatial 
distribution of e-field hot spot for promoting the near-field 
applications of nano-bowtie antenna in the fields such as 

Fig. 1  Calculated images of the 
e-field distributions surrounding 
Au–Ag bowties embedded with 
different sphere cores (incident 
light perpendicular to the tip-to-
tip axis line of the bowtie) when 
excited at a–c 400 nm, d–f 
530 nm. Note that the air core is 
represented by the left column, 
the Ag core in the middle and 
the Au core in the right column 
(the individual bowtie perimeter 
L is 20 nm, the gap distance d 
is 3 nm, and the diameter of 
sphere core is 2 nm)
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single-molecule fluorescence, SERS and photo-thermal 
therapy.

The e-field enhancement spectra for Au–Ag bowtie 
antenna embedded with different sphere cores are shown 
in Fig. 2. The e-field enhancement spectra are calculated 
in air surrounding. The inset of figure denotes schematic of 
sphere core-embedded Au–Ag bowtie. The incident laser 
is polarized along x-oriented axis of bowtie. As observed 
in Fig. 2, the Fano-resonance peak appears in the enhance-
ment spectra, which originates from the enhanced near-
field coupling between the continuum of interband transi-
tions in the Au material and the discrete SPR of individual 
Ag bowtie [14].

The Fano-resonance peak for the bowtie dimer with air 
medium exhibits almost identical spectrum positions to that 
of the Au–Ag sphere dimer with similar sphere tip radius 
[16]. It indicates that the model is applicable for predic-
tions of the near-field enhancements on the sphere-shaped 
tips dimer, including the nano-sphere dimer and nano-
bowtie dimer. More interestingly, we can see that embed-
ding of sphere core leads to tunable amplitude and spectra 
position of the e-field enhancement for the bowtie antenna. 
Especially, the insert of Ag core into the nano-bowtie will 
cause maximal redshift in the strong resonance regime 
(~400 nm). The localized e-field of bowtie antenna with 
Ag core also exhibits maximal enhancement at the strong 
resonance regime, which is close to the intrinsic plasmon 
resonance wavelength for Ag. However, the maximal red-
shift of resonance occurs in the Au core-embedded bowtie 

in the weak resonance regime (~530 nm). Also, we can see 
that the maximal e-field enhancement appears in Au core-
embedded bowtie in the weak resonance regime. It indi-
cates that the spectral position can be inversely adjusted 
via alternatively introducing Ag or Au cores into the nano-
bowtie. The results will be helpful for adjusting the spectral 
properties of e-field hot spots for promoting a wide range 
of the near-field applications.

The e-field enhancement on sphere core-embedded 
Au–Ag nano-bowties with respect to the modification of 
refractive index of environment is shown in Fig. 3. We can 
see from a–c that the Fano-resonance profiles of electric 
field enhancement exhibit redshift toward increasing the 
environment refractive index. The e-field localized in the 
nano-bowtie appears maximal enhancement for air core 
in the strong resonance regime, however, which becomes 
dominant with increasing the environment refractive index 
from 1 to 1.5 for Au and Ag core-embedded dimers. In 
addition, we can see that the e-field enhancement factor 
presents opposite tendency in the two distinct resonance 
regimes with respect to the surrounding refractive index 
modification. Taking the Au–Ag bowtie with Ag core as 
an example, it clearly shows that the e-field enhancement 
factor decreases rapidly with increasing the refractive 
index from 1 to 1.5 in the strong resonance regime. How-
ever, the e-field enhancement factor increases dramatically 
as the refractive index increases from 1 to 1.5 in the weak 
resonance regime. It indicates that the spectral position and 
special e-field enhancements for Au–Ag nano-bowtie can 
be substantially modified by tuning core ingredients, which 
can be further flexibly regulated by changing the environ-
ment refractive index. The results are important for opti-
mizing the spectral and spatial properties of heterogeneous 
nano-bowtie antenna.

The resonant wavelengths for core-embedded Au–
Ag bowtie as functions of individual bowtie perimeter, 
L, and gap distance, d (tip to tip), are shown in Fig. 4. 
We can see that the resonance wavelength presents 
nearly linear increase with increasing L in both of strong 
(Fig. 4a) and weak resonance regimes (Fig. 4b). On 
the contrary, the resonance wavelengths exhibit decay 
with respect to the gap distance of bowtie in strong and 
weak resonance regimes (Fig. 4c, d), respectively. Espe-
cially as the gap distance decreases to a few of nanom-
eter, the decay becomes even more obvious. The decay 
trend becomes independent of the gap distance as the 
gap distance extends to tens of nanometer. The decay 
of resonance wavelength can be attributed to the modi-
fied hybridization process of resonance modes in Au and 
Ag nano-bowtie, in which the energy of the system will 
decrease as heterogeneous bowtie gets closer [20]. As 
a result, the resonance wavelength decay becomes very 
obvious as the gap distance increases from 3 to 5 nm. 

Fig. 2  The e-field enhancement spectra for Au–Ag bowties embed-
ded with different sphere cores made of air, Ag and Au, respectively 
(the individual bowtie perimeter L is 20 nm, the gap distance d is 
3 nm, and the diameter of sphere core is 2 nm)
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More interestingly, compared to nano-bowtie with air 
core, the bowtie with Au and Ag core exhibits signifi-
cant spectral redshift, which becomes especially obvious 
as the gap distance is reduced to a few nanometers. It 
should be noticed that the Ag core gives rise to maximal 

redshift in the strong resonance regime (Fig. 4a). How-
ever, the Au core leads to the maximal redshift in the 
weak resonance regime at resonance wavelength of 
530 nm (Fig. 4b). It indicates that the spectral position 
can be flexibly adjusted by modifying the sphere core 

Fig. 3  The e-field enhance-
ment on sphere core-embedded 
Au-Ag nano-bowties with 
respect to the modification of 
refractive index of environment 
(the individual bowtie perimeter 
L is 20 nm, the gap distance d 
is 3 nm, the diameter of sphere 
core is 2 nm, and the refrac-
tive index of environment n 
increases from 1 to 1.5)

Fig. 4  The resonant wave-
lengths versus the geometries 
of Au–Ag bowtie with different 
sphere core ingredients (the 
gap distance d is 3 nm, the 
of diameter of sphere core is 
2 nm, and the individual bowtie 
perimeter L increases from 5 to 
22.5 nm (a, b); the individual 
bowtie perimeter L is 20 nm, the 
diameter of sphere core is 2 nm, 
and the gap distance d increases 
from 3 to 10 nm)
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ingredients of the nano-bowtie. It should be emphasized 
that for distances d > 5 Å in the non-contact regime, no 
significant electron transfer can occur between the nano-
tips, and thus, this situation can be between the nano-
bowtie and sphere core and correctly described within 
the classical electro-dynamical treatment [21]. The 
results will be helpful for desirably tuning the spectral 
properties of core-embedded nano-bowtie antenna for 
a wide range of applications in the fields such as the 
single-molecule fluorescence, SERS and photo-thermal 
therapy.

2  Conclusion

In conclusion, we had theoretically investigated the spatial 
and spectral properties of localized surface plasmon reso-
nances in core-embedded heterodimer composed of Au and 
Ag nano-bowtie of the same size. It is demonstrated that 
the metallic core can cause obvious redshift of resonance 
spectra for heterogeneous nano-bowtie antenna. Moreo-
ver, the spectral position for core-embedded bowtie can be 
flexibly tuned by modifying bowtie size and filling refrac-
tive index of environment. Especially, the Ag sphere core 
will give rise to the largest enhancement and right shift of 
e-field spacial distribution. The results can be important for 
understanding of the spatial and spectral properties of core-
embedded heterodimer, for promoting wide range appli-
cations such as single-molecule fluorescence, SERS and 
photo-thermal therapy.
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